Purpose To determine the relationship between carotid intima-media thickness (IMT), coronary artery calcification (CAC), and myocardial blood flow (MBF) at rest and during vasomotor stress in type 2 diabetes mellitus (DM). Methods In 68 individuals, carotid IMT was measured using high-resolution vascular ultrasound, while the presence of CAC was determined with electron beam tomography (EBT). Global and regional MBF was determined in milliliters per gram per minute with 13 N-ammonia and positron emission tomography (PET) at rest, during cold pressor testing (CPT), and during adenosine (ADO) stimulation. Results There was neither a relationship between carotid IMT and CAC (r=0.10, p=0.32) nor between carotid IMT and coronary circulatory function in response to CPT and during ADO (r=−0.18, p=0.25 and r=0.10, p=0.54, respectively). In 33 individuals, EBT detected CAC with a mean Agatstonderived calcium score of 44±18. There was a significant difference in regional MBFs between territories with and without CAC at rest and during ADO-stimulated hyperemia (0.69±0.24 vs. 0.74±0.23 and 1.82±0.50 vs. 1.95±0.51 ml/ g/min; p≤0.05, respectively) and also during CPT in DM but less pronounced (0.81±0.24 vs. 0.83±0.23 ml/g/min; p=ns). The increase in CAC was paralleled with a progressive regional decrease in resting as well as in CPT-and ADOrelated MBFs (r=−0.36, p≤0.014; r=−0.46, p≤0.007; and r=−0.33, p≤0.041, respectively). Conclusions The absence of any correlation between carotid IMT and coronary circulatory function in type 2 DM suggests different features and stages of early atherosclerosis in the peripheral and coronary circulation. PET-measured MBF heterogeneity at rest and during vasomotor stress may reflect downstream fluid dynamic effects of coronary artery disease (CAD)-related early structural alterations of the arterial wall. 
Introduction
Positron emission tomography (PET) affords the noninvasive identification and characterization of coronary vascular dysfunction that may precede or accompany coronary artery disease (CAD)-related structural alterations of the arterial wall [1] [2] [3] [4] [5] [6] . On the other hand, early structural alterations of the atherosclerotic process, for example, increases in carotid intima-media thickness (IMT) by vascular ultrasound, can also be identified. Increases in carotid IMT have been suggested to serve as surrogate marker for subintimal thickening of the coronary arteries [7, 8] . Furthermore, coronary artery calcification (CAC), thought of as an indicator of the atherosclerotic burden of the arterial wall, can be routinely identified by electron beam tomography (EBT) or, more recently, by multislice detector computed tomography (MDCT) [9, 10] . The interrelation of the structural and functional determinants of subclinical CAD, however, still remains to be elucidated. To current knowledge, focal coronary artery lesions between 60% and 85% diameter stenosis commonly do not significantly impair resting myocardial blood flow (MBF) owing to a compensatory vasodilation of the downstream arteriolar resistance vessels [11] . This adaptive vasodilation under resting conditions is insufficient to compensate for greater increases in epicardial resistance, i.e., for more severe coronary stenoses (greater than 85%) [11] [12] [13] [14] . Pharmacologically stimulated hyperemic MBFs, however, begin to decline in the presence of a coronary lesion of about 50%. Recent investigations [2, [15] [16] [17] suggest that hyperemic MBFs may also be reduced in the presence of diffuse CAD with coronary lesions less than 50% and/or coronary circulatory dysfunction. In view of these findings, a new concept has evolved that even subclinical CAD-related structural alterations of the arterial wall may exert downstream fluid dynamic effects that may manifest as mild myocardial perfusion heterogeneity at rest [18] or as longitudinal, base-to-apex perfusion gradient during hemodynamic stress [15, [19] [20] [21] .
With this in mind, we intended to evaluate whether abnormal increases in carotid IMT or CAC, as surrogate marker for coronary arterial vessel stiffness, affect regional MBFs and thereby lead to MBF heterogeneity at rest, during sympathetic stimulation with cold pressor testing (CPT), or during pharmacologic vasodilation in type 2 diabetes mellitus (DM) patients.
Materials and methods

Study population and design
The study population comprised 32 asymptomatic individuals without traditional coronary risk factors such as arterial hypertension, smoking, and hypercholesterolemia as healthy controls (CON) and 36 patients with type 2 DM either normotensive (NDM) or hypertensive (HDM) ( Table 1) . Diabetic patients were not treated with hypoglycemic medications at the time of the study. They were classified as type 2 DM based on standard criteria including fasting plasma glucose levels determined on at least two occasions of >126 mg/dL and high glycosylated hemoglobin (HbA 1c ) >5.9%. Each study participant was screened by complete history, physical examination, resting electrocardiogram (ECG), and routine blood chemistry. Excluded were patients with vascular complications of diabetes, a history of CAD, cardiac disease, and any other disease. In addition, no study participant was on vasoactive medication such as angiotensin-converting enzyme inhibitors, calcium channel blockers, or statins at the time of study inclusion. At the time of the PET study to assess coronary circulatory function, blood samples were obtained by venipuncture, and blood chemistry included total cholesterol, HDL and LDL cholesterol, triglycerides, glucose, insulin, HbA 1c , and highsensitive C-reactive protein (hs-CRP) ( Table 1) . Within 20 days of the PET study, high-resolution vascular ultrasound and EBT were performed to assess carotid IMT and CAC, respectively [22, 23] . The study was approved by the University of California at Los Angeles Human Subject Protection Committee and each participant signed an informed consent form.
Noninvasive assessment of MBF by PET MBF in milliliters per gram per minute was measured noninvasively with intravenous 13 N-ammonia, serial image acquisition by PET (ECAT EXACT HR+, Siemens/CTI model 931/08-12, Siemens AG, Munich, Germany), and a two-compartment tracer kinetic model [3, 20] . MBF measurements were performed first at baseline and then during CPT. For the CPT, study participants immersed their left hand into ice water for 60 s, and 13 N-ammonia was injected again while CPT was maintained for another 60 s to allow the trapping of 13 N-ammonia in the myocardium [3] . Hyperemic MBF was induced with intravenous standard dose adenosine (140 μg/kg/min). The relative distribution of MBF was assessed visually on reorientated static 13 N-ammonia images. Using the two-compartment tracer kinetic model [3, 20] , regional MBFs of the LAD, LCx, and RCA territory were averaged on a polar map and the resulting mean MBF of the LV was defined as global MBF. As the global MBF was averaged over the LV, it may have resulted in relatively lower but more consistent hyperemic MBF values. Heart rate (HR), blood pressure (BP), and a 12-lead ECG were recorded continuously. From the average of HR and BP during the first 2 min of each image acquisition, the rate-pressure product (RPP) was derived as an index of cardiac work. To account for interindividual variations in coronary driving pressure, an index of coronary vascular resistance (CVR) was determined as the ratio of mean arterial blood pressure (in millimeters of mercury) to MBF (in milliliters per gram per minute). Regional MBFs are denoted for myocardial territories with or without CAC.
Assessment of carotid IMT
Measurements were obtained by an experienced vascular sonographer who was blinded to the clinical or laboratory profile of the study participants. High-resolution B-mode ultrasound images of the common carotid artery were obtained with a 10-MHz linear array transducer attached to an ATL Ultramark IV (Bothell, WA, USA) ultrasound machine. The right and left common carotid arteries were imaged according to a predetermined, standardized scanning protocol [22] . A longitudinal section of the common carotid artery 1 cm proximal to the carotid bulb was scanned. The reported IMT for each study participant resulted from the average of ten measurements (five measurements from the right and five from the left common carotid artery).
Calcium scanning CAC was measured using EBT (GE Imatron, Milwaukee, WI, USA). Two prospective cardiac gated (at 60% R-R interval) scans were acquired using 3 mm collimation CVS mode. Utilizing the Accu-Image workstation areas of CAC considered present if three or more contiguous pixels with a signal intensity of >130 HU were identified [24] . The size of the lesion was automatically calculated, and the CAC was scored using the Agatston algorithm [23] . The coronary artery calcium score (CCS) was assessed across all lesions identified within the left main, LAD, LCx, and RCA, and the sum of all lesion scores yielded the total CCS. The Agatston score [23] defined normal and pathological range based on the total CCS related to the age and gender of the individual. An abnormal CAC was defined as an increase in CCS >75th percentile of age-related CAC. Furthermore, in a more simplified scoring system [25] based on the total CCS, study participants were assigned into groups of minor, moderate or severe CAC with CCS of ≤100, >100, and >400 U, respectively.
Statistical analysis
Data are presented as the mean±SD for quantitative and absolute frequencies for qualitative variables. For comparison of differences, appropriate t tests for independent or paired samples were used. Pearson's correlation coefficient (r), assuming a linear regression, was calculated to investigate the associations between resting MBF and its changes during vasomotor stress, carotid IMT, and CAC. According to previous investigations [26] , the study population was grouped according to normal and increased carotid IMT levels (<0.8 and ≥0.8 mm). Furthermore, study participants were also grouped accordingly to tertiles of the carotid IMT findings with <0.6933 mm (lowest tertile), between 0.6933 to 0.82 mm (medium tertile), and >0.82 mm (highest tertile). Since coronary calcium scores (CCS) followed a skewed distribution, the CCS were logarithmically transformed (log-CCS) and related to the MBF data. To current knowledge, there are no generally accepted cut-off values that would denote clinical significance of calcium scores in study participants predominantly with relative CCS <100. Consequently, study participants were grouped by tertiles: log-CCS <−0.0292 (lowest tertile), log-CCS −0.0292 to 0.7628 (medium tertile), and log-CCS >0.7628 (highest tertile). Multivariate analysis was performed with the logistic regression model. Statistical significance was assumed if a null hypothesis could be rejected at p=0.05. All statistical analysis was performed with SPSS for Windows 12.0 (SPSS). Table 1 summarizes the clinical characteristics of the CON, DM, NDM, and HDM. No study participant presented regional perfusion defects on the adenosine-induced hyperemic PET perfusion images, arguing against the presence of hemodynamically significant obstructive CAD.
Results
Group characteristics
Carotid IMT and CAC As denoted in Table 2 , the mean carotid IMT was significantly higher in DM than in CON. When DM was subgrouped in NDM and HDM, carotid IMT was similar between CON and NDM, while it was significantly higher in HDM. As regards the CAC, as reflected by the CCS (Table 2) , it was nonsignificantly higher in DM than in CON, while similar between NDM and HDM. For the entire study population and for DM, the CCS did not correlate with carotid IMT (r=0.10, p=0.32 and r=0.25, p=0.35, respectively). Also, when the log-CCS was compared to the carotid IMT, no association was observed for both groups (r=0.31, p=0.26 and r=0.21, p=0.56, respectively). For the entire study population, CACs were found in 49% (33/68). In the CON group, the prevalence of CAC was 28% (9/32), which was significantly lower to that of 66% (24/36) of CAC in type 2 DM. Regarding the CAC distribution, the highest prevalence of CAC was in the LAD, followed by the LCx and RCA (Table 3) . As can be appreciated, the average CCS of 44±18 was relatively low. CAC, as reflected by the log-CCS, did correlate with the age of the study participants (r= 0.35, p<0.015). Only five in DM and one in CON had abnormally increased CCS, when it was related to the age of the individual study participant (>75th percentile).
Hemodynamics during PET study
Hemodynamic parameters during MBF measurements at baseline and during CPT are listed in Table 2 . In all groups, CPT induced a significant increase in heart rate, systolic blood pressure, and diastolic blood pressure, so that the RPP was significantly higher during CPT than at baseline. The increase in the RPP (ΔRPP) as a result of the CPT-induced sympathetic stimulation was not significantly different between the CON, DM, NDM, and HDM, indicating comparable increases in myocardial workload for all study groups. As regards the pharmacologic vasodilation with adenosine, there was a significant increase in heart rate and RPP in all groups. The adenosine-induced change in RPP (ΔRPP) remained similar among these groups.
Global MBF responses to CPT and during adenosine
Left ventricular global MBF and global CVR at rest, during CPT, and pharmacologic vasodilation with adenosine are indicated in Table 2 . At baseline, global MBF was significantly higher in the entire study group of DM and HDM compared with CON and NDM. The change in global MBF from rest to CPT (global ΔMBF) was significantly less in DM as well as in the subgroups of NDM and HDM than in CON (p<0.0001, respectively). The group comparison between the CPT-induced global ΔMBF in CON was significant compared to DM, NDM, and HDM (p<0.0001 by ANOVA).
Global MBFs during adenosine-induced pharmacologic vasodilation and, thus, the total vasodilator capacity were statistically significantly lower in DM and NDM than in CON, while it tended to be lower in HDM. The group comparison of adenosine-stimulated MBFs in CON was significant compared to DM, NDM, and HDM (p≤0.05 by ANOVA).
Regional MBFs subtended and not subtended to CAC
In study participants with CAC, the intrapatient comparison of resting MBF between calcified and noncalcified territories demonstrated significantly lower resting MBF in territories with CAC than in those without CAC (Table 4) . Regional MBFs during CPT did not differ significantly between territories with and without CAC, while adenosine-stimulated MBFs in regions subtended by CAC vessels were significantly lower than those in regions subtended by non-CAC vessels. When the study population was subgrouped in CON, DM, and further into NDM and HDM, resting regional MBF was also significantly lower in the calcified than in the noncalcified coronary territory, apart from the HDM group (Table 4) . Furthermore, CPT-related regional MBFs tended to be lower in CAC territories than in those without CAC in DM and NDM, but not in CON and HDM. Finally, regional hyperemic MBFs during adenosine stimulation were lower in the CAC than in the non-CAC territories in CON, DM, and NDM. In DM and NDM, this difference in regional MBF during adenosine stimulation reached borderline Paired analysis of the vascular territory of the LAD, LCx and RCA CAC coronary artery calcification, CON controls, NDM normotensive diabetes mellitus, HDM hypertensive diabetes mellitus *p<0.02 vs. CAC territory significance (p=0.06 and p=0.07, respectively), while no difference was observed for the HDM group.
Carotid IMT, CAC, and global MBFs
To evaluate whether increases in carotid IMT were associated with alterations in global MBFs, the study population was divided according to normal and increased carotid IMT levels (<0.8 and ≥0.8 mm). As can be appreciated in Table 5 , no differences in global MBFs at rest and during vasomotor stress between the two groups of normal and increased carotid IMT levels were found. Furthermore, we divided study participants with CAC by tertiles of carotid IMT and related these to global MBFs (Table 6 ). And also here, no significant differences in global MBFs were observed. The regression analysis between the extent of carotid IMT and global MBFs at rest and during CPT demonstrated a positive correlation (r= 0.48, p≤0.001 and r=0.38, p≤0.013, respectively), while it was not observed for adenosine-stimulated global MBFs (r= −0.08, p=0.63). When we accounted for interindividual differences in hemodynamics by calculating the CVR, however, there was no significant association between carotid IMT and global CVR at rest (r=−0.24, p=0.14) and during CPT (r=−0.l8, p=0.25) or adenosine stimulation (r=0.10, p= 0.54). As regards the relationship between global CAC, global log-CCS did not correlate significantly with global MBFs at rest, during CPT, or adenosine stimulation (r=−0.21, p=0.25; r=−0.23, p=0.21; and r=−0.36, p=0.06, respectively). Also, when global log-CCS was related to global CVR at rest or during vasomotor stress with CPT or adenosine, no significant association was observed (r=0.19, p=0.30; r=0.17, p=0.35; and r=0.14, p=0.44, respectively).
Regional MBF subtended to CAC
As regards the effects of regional CAC on corresponding MBF, it was evaluated by tertile analysis (Table 7) . Increases in regional log-CCS were paralleled by a significant and progressive decrease in corresponding regional MBF at rest and during CPT (Fig. 1a) , while it was not observed in the noncalcified coronary territory (Table 7) . To account for possible interindividual differences in intracoronary driving pressure, the corresponding regional CVR was also evaluated and related to the corresponding regional log-CCS. And indeed, there was a significant progressive increase in regional CVR at rest and during CPT with increases in the corresponding regional log-CCS (Fig. 1b) , substantiating the association between structural alterations of the arterial wall and lower regional MBFs. As regards the adenosinestimulated MBFs, regional hyperemic MBF was lowest in the highest tertile of regional log-CCS (Fig. 1a) . When we compensated for interindividual differences in intracoronary driving pressure with the regional CVR, the group comparison by ANOVA was not significant any more (Fig. 1b) . In patients with CAC, there was an inverse correlation between regional log-CCS and corresponding regional MBF at rest and during CPT (r=−0.36, p<0.014 and r=−0.46, p<0.007, respectively) (Fig. 2a, b) . This correlation was also maintained when corresponding regional CVR values were evaluated (r=0.42, p<0.004 and r=0.40, p<0.019, respectively) (Fig. 3a, b) , indicating that CAD-related vessel stiffness may exert downstream effects on regional MBFs. The extent of regional log-CCS also inversely correlated with the regional hyperemic MBF (r=−0.33, p<0.041) (Fig. 2c) . When we evaluated the relation between regional log-CCS and corresponding CVR during adenosine stimulation, the correlation did not reach statistical significance (r= 0.19, p=0.24) (Fig. 3c) .
Determinants of regional MBF subtended to CAC
In patients with CAC, on univariate analysis, gender, systolic blood pressure, HDL cholesterol, free fatty acids, HbA 1c , and regional log-CCS were significantly associated with regional resting MBF and corresponding CVR in myocardial subtended by CAC vessels (Table 8) . Multivariate analysis to assess the predictive value of regional log-CCS of the corresponding regional MBF at rest did not demonstrate log-CCS as a statistically significant independent predictor of the corresponding regional resting MBF. Independent predictors of the regional resting MBFs and its CVR in calcified territory were gender, BMI, LDL cholesterol, insulin, and glucose plasma Fig. 2 Correlation between log-CCS and regional MBF subtended by CAC at rest (a), during CPT (b), and during adenosine stimulation (c) levels. Similarly, CPT-related regional MBFs and corresponding CVR were correlated with HDL cholesterol, insulin, and also regional log-CCS, while no independent predictor was realized in the multivariate analysis (Table 8 ). The adenosine-stimulated regional MBFs and its CVR in the calcified coronary territory revealed a significant association only with age and plasma glucose levels.
Discussion
The current study provides several novel findings. In study participants with evidence for CAC but without hemodynamically significant epicardial artery lesions, there was a significant difference in regional resting and hyperemic MBF between territories with and without CAC, which resulted in heterogeneity in MBF of the left ventricle. As it was observed, increases in CAC were significantly associated with relatively lower regional resting and hyperemic MBFs. The increases in regional CAC scores were inversely correlated with lower regional MBFs in the corresponding myocardial territories at rest and during vasomotor stress stimulation, suggesting, at least in part, direct downstream effects of CAC on coronary flows. The current and new observation may agree with a new concept, as first raised by Gould et al. [15] , that a heterogeneity in myocardial perfusion may be related to direct downstream consequences of CAD-related vessels stiffness. According to this concept, an increase in CADrelated vessel stiffness is likely to have raised resistance to coronary flow [27, 28] , which remained preserved and resulted in a proximal-to-distal decline in intracoronary perfusion pressure [28] , associated with a relative decrease in regional MBF. Thus, as demonstrated in the current study for MBF at rest and during vasomotor stress, a vessel stiffness-related decline in intracoronary perfusion may indeed account for the relative decrease in regional MBF, resulting in heterogeneity in left ventricular MBF. While increases in CAC were accompanied by continuous decrease in resting and CPT-related regional MBF, no such continuous decline of regional MBF subtended by CAC was observed during pharmacologically stimulated hyperemic flow increases. The absence of a continuous decline in regional hyperemic MBFs with increases in the extent of CAC may accord with previous investigations in patients with hemodynamically obstructive CAD that described compensatory alterations of the coronary arteriolar vessels to occur in response to progressive CAC [11, 12] . Conceptually, it may be possible that an adaptive vasodilation of the coronary arteriolar resistance vessels may also manifest in patients with hemodynamically nonobstructive or diffuse CAD, aiming to balance the velocity-induced increases in epicardial coronary vascular resistance due to a vessel stiffness-related impairment of flow-mediated vasodilatory function, so that the overall coronary resistance is virtually kept low. Although the latter contention may be intuitively correct, currently, it remains speculative and further comparative evaluations between PET flow studies and invasive angiographic assessment of coronary morphology and function are needed.
Arterial structural alterations and coronary circulatory function Previous investigations in 414 older adults with subclinical CAD described a weak though statistically significant association between CAC and carotid IMT (r=0.30) [29] . In the current study population with type 2 DM, however, we did not find such an association. Thus, it appears that carotid IMT and CAC identify different aspects and stages of developing atherosclerotic disease in type 2 DM. Other clinical studies have also investigated the relationship between structural and functional alterations of the peripheral arterial wall in early stages of developing atherosclerotic disease [30] [31] [32] . In these investigations in individuals with a high coronary risk profile, increases in carotid IMT demonstrated some inverse correlation with flow-mediated vasomotor function of the brachial artery. In contrast, in a cohort of middleaged men without cardiovascular disease and with relatively few coronary risk factors, no such association was observed [33] . The latter findings [30] [31] [32] , however, may emphasize that a systemic flow-mediated and, thus, endotheliumdependent vasomotor abnormality may affect, at least in part, the relation between risk factors and early structural alterations of the arterial wall. In the current study in type 2 DM, we did not find an association between carotid IMT and coronary circulatory function in response to vasomotor stress. The reasons for the discordant observation between the current and previous investigations [30] [31] [32] remain unclear but are likely to be related to differences in patients characteristics, differences in sample size studied, and/or different factors accounting for vasomotor (dys)function in the brachial artery and coronary circulation. It is also possible that the current study population was not large enough or, conversely, that the The results of the current investigation, however, suggest that heterogeneity in left ventricular MBF at rest and during vasomotor stress may result, at least in part, from fluid dynamic effects of CAD-related structural alterations of the arterial wall. As EBT-determined CAC [9, 36] can be seen as a noninvasive surrogate of CAD-related vessel stiffness, which is commonly associated with an impairment of flowmediated vasodilation [27, 37] , it is intriguing to hypothesize that coronary vessel stiffness contributed to the extent of coronary vascular dysfunction in DM [15] . As seen on univariate analysis, CAC, apart from effects of diabetes-related coronary risk factors on coronary vasomotor function, was indeed significantly associated with relatively lower regional MBFs at rest as well as during vasomotor stress. The additionally performed multivariate analysis, however, did not reveal CAC as an independent predictor of relative reductions in corresponding regional MBFs. Thus, it appears that CAD-related coronary vessel stiffness, as denoted by the presence of CAC, adds to the relative reductions in regional MBF in concert with diabetes-related coronary vasomotor dysfunction. Noteworthy, according to the Hagen-Poiseuille law, the intracoronary resistance relates not only to the length of the coronary artery and inversely to the vessel diameter, but also to the velocity of the blood flow [11] . According to the latter, higher increases in global hyperemic MBFs should also lead to relatively higher increases in intracoronary resistance in the calcified and stiff artery than in the noncalcified coronary artery where a flow-mediated vasodilation may still exist and counterbalances an increase coronary vascular resistance during flow increases. If this holds true, then differences in regional hyperemic MBF between calcified and noncalcified coronary vessels should be more distinct with higher increases in hyperemic MBFs. And indeed, as observed in the current study, the MBF heterogeneity was evident in those individuals with CAC in controls and NDM during relatively high global hyperemic MBF increases, while the MBF heterogeneity was not observed in HDM with markedly reduced global hyperemic flows reflecting a severe degree of diabetes-related vasomotor dysfunction.
Recent investigations [18] , also reported a heterogeneity in resting myocardial perfusion of the left ventricle as a reflection of a heterogeneous pattern of impaired flowmediated vasodilation, while this was not appreciated during hyperemic flow increases during pharmacologic vasodilation. The latter finding may contrast our observation where MBF heterogeneity was not only observed at resting condition but also during higher coronary flows owing to adenosine stimulation. The reason for these discordant findings remains to be investigated and may be related to differences in patients' characteristics and/or to differences in the extent of CAD-related structural alterations of the arterial wall.
Conclusions
The absence of any correlation between carotid IMT and coronary circulatory function in type 2 DM suggests different features and stages of early atherosclerosis in the peripheral and coronary circulation. PET-measured MBF heterogeneity at rest and during vasomotor stress may reflect downstream fluid dynamic effects of CAD-related early structural alterations of the arterial wall. The assessment of heterogeneity in MBF of the left ventricle could be a promising noninvasive index to identify early structural stages of the CAD process.
